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ABSTRACT 
"Sewer System Evaluation Surveys Conducted in Industrial 
Sewers," describes the methods employed and the results of Sewer 
System Evaluation Survey studies conducted at two industrial com-
plexes. The procedural techniques for locating and quantifying 
infiltration and inflow into sewer systems are presented to provide 
a basic unaerstanding of the steps required to complete such 
studies. Case studies of actual surveys conducted at two privately 
operated industrial plants in Tennessee are presented to illustrate 
the utilization of the investigative techniques. The results of 
the studies are compared with each other and with similar studies 
conducted in municipal sewer systems. 
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GLOSSARY 
Bypass is an arrangement of conduits, gates, or valves placed in 
this sanitary system whereby all or a portion of the flow can be 
diverted into streams, ponds, or storm sewers. 
Dry Weather Flow is the quantity of water being transported by the 
sanitary collection system during periods when low groundwater con-
ditions exist. 
Excessive Infiltration/Inflow is that quantity which can be econom-
ically eliminated from a sewer system by rehabilitation, as deter-
mined by a cost-effective analysis that compares the cost for 
correcting the infiltration/inflow conditions with the total costs 
for transportation and treatment of the infiltration/inflow. 
Exfiltration is the quantity of water discharged into the ground 
from a sewer system and service connections through such means as, 
but not limited to, defective pipes, pipe joints, connections, or 
manholes. 
Infiltration is the water entering a sewer system and service con-
nections from the ground through such means as, but not limited to, 
defective pipes, pipe joints, connections, or manhole walls. 
Inflow is the water discharged into a sewer system and service con-
nections from such sources as, but not limited to, roof leaders, 
cellars, yard and area drains, foundation drains, cooling water 
discharges, drains from springs and swampy areas, manhole covers, 
eros s connections from storm sewers and combined sewers, catch 
basins, stormwaters, surface runoff, and street wash-waters or 
drainage. 
Infiltration/Inflow is the total quantity of water from both infil-
tration and inflow, without distinguishing the source. 
Overflow is a device which automatically discharges water from the 
sanitary sewer system to storm sewers or natural waterways due to a 
lack of capacity, a blockage, or an equipment failure in the sani-
tary system. 
vi 
Rain-Induced Infiltration is that quantity of water, exclusive of 
the seasonal infiltration, which enters the collection system dur-
ing or immediately following a rain event through normal infiltra-
tion channels. 
Wet Weather Flow is the quantity of water being transported by the 
sanitary collection system during periods when high groundwater 
conditions exist. 
vii 
CHAPTER I 
INTRODUCTION 
In 1972, amendments to the Water Pollution Control Act 
(PL 92-500) launched the United States into a program committed to 
restoring the cleanliness of the nation's waters. These amendments 
dictated that both municipal and industrial treatment plant opera-
tors were responsible for the treatment of all wastewater flows 
originating within their collection systems. If high wastewater 
flows were encountered during certain times of the year or after a 
rainfall; the operators could no longer legally bypass the flow or 
allow the extraneous water to overflow from the sewer system to 
protect pump stations or the treatment plant. The alternatives 
were to increase the capacity of the sewer system and/or the treat-
ment facilities or to locate and eliminate sources of extraneous 
flows. 
The proper design, construction, maintenance, and repair of 
sewerage systems are important elements affecting the ability of a 
wastewater treatment plant operator to meet government effluent 
discharge standards. The efficiency of a treatment plant is 
greatly reduced if a large percentage of the wastewater reaching 
the plant originates as infiltration and inflow (I/I). Significant 
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improvements in treatment plant operation may be achieved by reduc-
ing and/or eliminating infiltration and inflow from the collection 
system. 
Many municipalities, in an effort to increase the 
efficiency of their treatment facilities, have applied for govern-
ment construction grants. Public Law 92-500 wisely requires that 
all grant applicants investigate the condition of their sewer 
system so that a cost-effective decision concerning treatment 
efficiency may be made. Title II, Section 201 (g) (3) of the Law 
states, "The Administrator shall not approve any grant after 
July 1, 1973, for treatment works under this section unless the 
applicant shows to the satisfaction of the Administrator that each 
sewer collection system discharging into such treatment works is 
not subject to excessive infiltration/inflow." This means, out-
lined in the Law, to locate and quantify the sources of excessive 
infiltration/inflow is the Sewer System Evaluation Survey (SSES). 
To relieve some of the financial burden on the municipal govern-
ment, the U.S. Environmental Protection Agency (EPA) will fund 75 
per cent of the SSES cost. 
Private industry is having a particularly difficult time 
complying with the standards established under Public Law 92-500. 
Here again though, part of the problem may be solved by reducing 
the quantity of the wastewater to make it more amenable to treat-
ment. The quanti ties of infiltration and inflow entering indus-
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trial plant collection systems may be large contributors to the 
excessive flows. A Sewer System Evaluation Survey could be used to 
locate sources of extraneous water. However, private industry is 
provided with no financial assistance for conducting an SSES and 
the utilities department personnel are not likely to be educated as 
to the requirements of Public Law 92-500. Therefore, fewer SSES 
studies are conducted at industrial plants than in municipal envi-
ronments. 
When an SSES is conducted at an industrial facility, some 
of the techniques and procedures used in locating I/I sources in 
municipalities must be changed to suit the unique environment of 
the plant. This research report summarizes some of the techniques 
used in locating and quantifying I/I in industrial sewer systems 
and the results of actual studies. Also presented is a comparison 
of the two types of studies, i.e., industrial versus municipal. 
The field investigation techniques described are generally 
based on guidelines established by the U.S. E.P.A. but specifically 
refer to procedures employed by Penetryn System, Incorporated. The 
results presented herein were obtained from Sewer System Evaluation 
Surveys conducted by Penetryn System, Incorporated. 
CHAPTER II 
IMPLEMENTATION OF SEWER SYSTEM EVALUATION SURVEYS 
Municipal Studies 
As previously stated, any construction grant applicant must 
investigate the condition of its sewer system. The first step in 
that investigation is the Infiltration/Inflow Analysis which is 
implemented on a system-wide basis to identify general problem 
areas. The next step, if required, is the Sewer System Evaluation 
Survey in which specific problems are identified and recommenda-
tions for their repair are made. 
The Infiltration/Inflow analysis results are used to demon-
strate the nonexistence or possible existence of excessive infil-
tration and/or inflow in a sewer system. Identified in the 
analysis are the presence, the flow rate, and the type of 
infiltration/inflow conditions which exist within the sewer system. 
The determination of the possible existence of excessive 
infiltration/inflow is then based on a cost-effectiveness analysis. 
This analysis compares the cost of transporting and treating the 
infiltration/inflow versus the estimated cost of eliminating the 
extraneous flows. If the analysis demonstrates the existence or 
possible existence of excessive infiltration/inflow, a Sewer System 
Evaluation Survey should be planned and subsequently implemented. 
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Industrial Studies 
Industrial flows must be identified in an Infiltration/ 
Inflow Analysis if private industrial plants are tributary to a 
wastewater treatment plant operated by the municipality for which 
the study is being conducted. The conditions which exist within an 
industry's private sewer system are not identified in that 
analysis, however. 
Many large industrial-plants may operate their own waste-
water treatment facilities. The sewer systems within these plants 
may be as extensive as that of a small city. Here again, there are 
no EPA guidelines for investigating the sewer sys·tems to identify 
excessive infiltration/inflow. 
The implementation of a Sewer System Evaluation Survey for 
industrial facilities is not well defined. The lack of specific 
guidelines requiring sewer studies and the fact that the industry 
must defray the entire cost of a study are reasons that very few 
industrial SSES programs are conducted. 
Frequently the industrial treatment plant operator seeks 
help in locating problem areas in his sewer system only after 
governmental pressure to increase the plant's effluent quality is 
applied. At that time the operator may simply hire a contractor to 
internally inspect some line sections in which problems are 
suspected. If defects are detected they may be repaired at the 
time of inspection. When the treatment plant continues to overflow 
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during a rain storm another suspected problem area may be investi-
gated. An experienced sewer contractor should recognize and convey 
to the treatment plant operator that, in order to eliminate the 
optimum quantity of excessive flows as efficiently and effectively 
as possible, the entire sewer system should be investigated. 
When a Sewer System Evaluation Survey is initiated for the 
industry by a sewer contractor, the study generally takes the same 
form as a municipal study. Additional analysis tasks may be re-
quired because no prior studies would have been conducted. Some 
tasks may not be necessary or must be altered to suit the indus-
trial site conditions. Basically, however, the techniques used to 
locate sources and to quantify amounts of infiltration and inflow 
in industrial sewer systems are similar to those employed in 
municipalities. 
CHAPTER III 
OBJECTIVES OF SSES 
In general, the objectives of a Sewer System Evaluation 
Survey are the same for any sewer system in which a study is con-
ducted. The location, description, and quantification of infiltra-
tion and inflow sources is essential for determining the existence 
of definite problem areas. Documenting the physical condition of 
sewer lines, manholes, and other appurtenances is important for the 
purpose of identifying potential system failures and heading off 
future problems. The recommendations for repair presented as a 
result of the SSES provide the owner of the sewer system with a 
viable means to eliminate a large portion of the problems. 
Infiltration causes problems in the sewer lines and in 
pumping stations as well as at the treatment plant. Groundwater 
infiltrating into the sewer lines can carry with it sand and dirt 
from the area adjacent to leaking joints or pipe. If wastewater 
flows are not sufficient to carry the incoming soil, deposition can 
accumulate in the pipe and decrease flow capacity or cause a block-
age. In dramatic cases, the void created by the loss of soil into 
the sewer line may become so extensive that the ground may cave in. 
Soil tansported to pumping stations or to the treatment plant can 
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clog pumps, overload grit chambers, or fill up digesters. The 
problems with removing the transported soil must be dealt with by 
initiating some very expensive cleaning operations. 
Infiltration can also deprive the treatment plant of 
capacity that could be used for wastewater flows. Unless the 
infiltration is reduced, the treatment plant would require up-
grading to accommodate any increase in wastewater flows. By 
diluting the incoming wastewater, infiltration often causes the 
quality of the effluent to fall below required standards. An over-
all removal of 85% for a secondary treatment facility is nearly 
impossible to attain if the influent is considerably weakened with 
infiltration. 
Whereas infiltration may exist throughout the year, inflow 
occurs swiftly and all at once and can have a devastating effect on 
the sewer system. Large quantities of runoff entering the sanitary 
system can quickly exceed the capacity of the lines causing sur-
charging, overflowing, bypassing, and basement flooding. These 
occurrances create unhealthy conditions at the same time Federal 
regulations governing overflows and bypasses are being violated. 
At the treatment plant, high rates of inflow can wash solids over 
weirs, wash out the growth in biological unit processes, and 
generally 
bypassing. 
create hydraulic overloads which may necessitate 
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At an industrial plant, other sources of extraneous flow 
could be cooling water or process water discharges. Cooling 
water could be extremely hot and cause a dangerous situation for 
anyone working in the sewer lines. Both cooling water and process 
water dilute the wastewater and, like infiltration, could cause 
problems with maintaining a suitable effluent quality at the plant. 
By locating points of discharge, it may be possible to recommend 
methods for the reuse of the water. Discharges of water contamin-
ated with toxic chemicals or radiation should be located and 
eliminated for safety reasons. 
Upon locating the sources of extraneous water throughout 
the sewer system, the types of defects or points of discharge 
require documentation. The documentation is generally in the form 
of written descriptions, sketches, and/or photographs. The infor-
mation contained within these documents includes type of problem, 
location of defects, and quantity of leakage if present at the time 
of investigation. By studying the documented physical condition of 
the sewer line, manhole, or other structure , a recommendation of 
the most appropriate repair technique can be formulated. 
The rehabilitation recommendations are presented so as to 
address each defect or problem while still providing an overall 
program to eliminate extraneous flows from the entire sewer system. 
The program that is presented to the owner of the sewer system is 
compiled in such a way that the most effective alternatives for 
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eliminating the most water are considered. The information pre-
sented in the rehabilitation program includes location of the 
defect, physical characteristics of the pipe or manhole, quantity 
of extraneous flow,. cost to repair the problem, and the quantity of 
water removed by the proposed repair 
rehabilitation program, the owner can 
method. By reviewing the 
determine how much it will 
cost to remove a certain quantity of water. When ultimately corn-
pared with the cost to transport and treat the extraneous water, 
the determination can be made to repair the problem areas or 
increase the treatment plant capacity . 
CHAPTER IV 
PLAN OF STUDY 
General 
The approach to location and quantification of infiltration 
and inflow is to undertake a separate program of investigation for 
each. The need for different study programs is due to the differ-
ent means by which infiltration and inflow enter the sewer system. 
The techniques used within each program are designed to provide the 
most practical methods of detecting either infiltration or inflow 
and in some cases both types of extraneous flows. The plan of 
study involves a systematic procedure of first investigating large 
areas and then identifying individual defects within line sections 
or manholes. 
Study Areas Defined 
Before the actual investigation tasks are begun, the area 
of study is subdivided into smaller areas called mini-systems. 
Under most EPA studies conducted in municipalities, the mini-system 
boundaries remain as previously defined in the I/I Analysis report. 
Only the mini-systems determined to contain excessive infiltration 
and/or inflow are studied during the SSES. Most industrial plants 
have not had their sewer systems previously analyzed and the mini-
systems must be delineated at the time of the SSES. 
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Mini-systems may vary in size from approximately 5,000 
linear feet to 20,000 linear feet of sewer line. Attempts are 
often made to group together lines of the same age or type or lines 
within areas with similar groundwater or soil conditions. However, 
the mini-system configurations most often are determined by the 
flow patterns of groups of sewer lines as they converge at a single 
point before the flow enters another group of line sections. The 
point of convergence may be a manhole or a pumping station; and, 
this point becomes a reference for most tasks conducted within the 
mini-system. 
Scheduling 
Important considerations in planning the SSES study pro-
grams are environmental conditions. Certain weather and/or ground-
water cond i tions are required for the infiltration and inflow study 
programs. Infiltration measurements are best obtained during high 
groundwater periods in the absence of rainfall. Inflow tasks are 
most effectively performed during low groundwater periods. Flow 
metering, which may involve both infiltration and inflow monitor-
ing, often requires implementation during several types of environ-
mental conditions. The proper timing of different tasks depends on 
the ability to predict the time of year that the required con-
ditions will be present. 
The most common source of information for scheduling 
various SSES activities is the climatological data compiled by the 
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National Oceanics and Atmospheric Administration (NOAA). By con-
sulting the rainfall charts, the periods of highest and lowest 
groundwater can be estimated. To supplement this information, any 
records from wells or previously installed groundwater gauges are 
useful in planning. 
If rainfall and groundwater data are not available, treat-
ment plant flow records provide an indication of yearly trends in 
groundwater levels and rainfall frequency. Higher flow rates indi-
cate increased infiltration due to elevated groundwater levels. 
Inflow from rainfall events may show up on flow charts as a sharp 
increase (spike). 
Most municipalities keep adequate treatment plant records; 
but, industrial treatment plants may not possess such accurate 
records. In the latter case, interviews with plant workers may 
provide the necessary information. 
When the appropriate times of year for conducting each por-
tion of the SSES is determined, a schedule of tasks can be written. 
Consideration of the lengths of the high and low groundwater 
periods should be made to ensure that all tasks are accomplished 
under the proper conditions. Depending on the time of year that 
the SSES is started, the infiltration study may or may not precede 
the inflow study. 
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Task Sequence 
In the mini-systems to be studied, tasks to identify the 
sources of extraneous water are initiated in a sequence such that 
the ones which affect a large area are performed before those which 
address more specific problems. The preliminary tasks are 
generally less costly than the more specialized ones. 
By locating I/I sources or at least eliminating some areas 
from further study during the less expensive tasks, cost benefits 
and time savings are realized. The specialized tasks, although 
more e xact in locating and quantifying I/I sources, are much more 
time consuming and costly and are therefore specified only when the 
sources cannot be described by any other means. 
CHAPTER V 
INFILTRATION SURVEY PLAN 
General 
The portion of the SSES in which infiltration is identified 
usually consists of the following tasks: 1) groundwater monitoring 
and flow monitoring to determine the presence of high groundwater 
infiltration; 2) a physical survey of manholes to inventory their 
physical condition; 3) flow isolation to locate infiltrating line 
sections; and 4) internal television inspection to identify point 
sources of possible infiltration. These tasks are generally 
executed in the order that they are presented. The least costly 
and all encompassing tasks are usually performed first. The 
expensive and tedious task of internal inspection is finally per-
formed only in line sections with definite problems or defects. 
Groundwater Monitoring 
If not already present, groundwater gauges should be 
installed throughout the sewer system to provide a profile of the 
groundwater levels. Monitoring of groundwater levels is necessary 
to ensure that the infiltration tasks are being conducted under 
conditions which will reveal the ultimate quantity of infiltration. 
As groundwater levels may fluctuate daily, the monitoring gauges 
are also useful for comparing infiltration measurements obtained 
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days or weeks apart. The proper installation and utilization of 
the groundwater gauges is essential to the successful completion of 
the infiltration study and the interpretation of the results. 
The proper placement of the groundwater gauges within the 
sewer system is essential for the collection of useful data. As a 
rule, one groundwater gauge can serve as an adequate monitoring 
site for two mini-systems. Some specific sewered areas in which 
gauges should be placed include deepest and most shallow lines, 
bodies of water, and areas subject to tidal influence. 
Two types of groundwater gauges are commonly used: the 
manhole type and the well type. The manhole type gauge consists of 
a small diameter metal pipe inserted through the wall or apron of a 
manhole. To the metal pipe is attached a flexible clear plastic 
tube through which the level of groundwater can be seen. The well 
type gauge is installed adjacent to the sewer line and consists of 
a four to six inch diameter PVC or metal casing at least ten feet 
long inserted into the ground. 
The well type groundwater gauge is preferred because the 
data obtained from the readings provides a more accurate indication 
of actual groundwater levels. The manhole groundwater gauge, by 
being installed within the sewer trench, is subject to false read-
ings due to a possible drawdown effect of groundwater into the 
disturbed soil and possible leaking sewer pipe. The groundwater in 
the area of damaged pipe and/ or manholes would be entering those 
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defects rather than a groundwater gauge although the level may be 
far above the invert of the pipe . This phenomenon is eliminated if 
a well type gauge is installed outside the sewer trench. The main 
reason that well type groundwater gauges are not installed in more 
locations is that they are much more expensive and less easy to 
install than the simple manhole type. Most industries that want 
only to conduct a basic study to identify problem areas will not 
justify the expense of intensive groundwater monitoring. The cost 
of groundwater wells is more readily approved by cities whose 
studies are partially funded by the EPA. 
With the groundwater gauges in place, the groundwater 
levels should be monitored at least weekly. Daily logs of the 
groundwater level within a particular mini-system are required when 
flow isolation of infiltration within the lines of a mini-system is 
performed. By comparing flow measurements to the groundwater 
levels in a mini-system, flow rates may be adjusted in response to 
possible groundwater fluctuations. 
Flow Monitoring 
Infiltration flow monitoring consists of obtaining instan-
taneous flow rate measurements at mini-system key manholes. The 
purpose of these flow measurements is to ensure that there exists, 
within a mini-system, sufficient infiltration to warrant further 
investigation at that particular time. The determination of suf-
ficient infiltration is made by comparing the infiltration rates 
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with the flow rates which indicate that excessive infiltration 
exists. If, at that time, infiltration rates are lower than the 
criterion, more flow measurements are scheduled for a period when 
groundwater levels are higher. 
The point at which flow measurements are obtained is the 
key manhole of a mini-system. The key manhole is the point of con-
vergence of the flow pattern or a manhole directly upstream of that 
point if a pumping station is involved. Mini-system flow rates are 
usually measured by two means: portable V-notch weir or velocity 
and depth measurements. The former technique involves inserting a 
portable 90 degree V-notch weir into the incoming line of the key 
manhole. When the flow has stabilized, the flow rate, in either 
gallons per day or gallons per minute, is read directly from a 
clear plastic face plate. If the capacity of the weir is exceeded 
or a weir measurement is not possible, the latter method is 
employed. High flows can be expected when several other mini-
systems are located upstream from the point where measurements are 
being obtained or when the key manhole is located on a large inter-
ceptor sewer line. Velocity measurements are obtained by elec-
tronic or mechanical means; or, the time required for dyed water to 
travel from the upstream manhole to the key manhole is measured to 
determine the velocity. By also measuring the depth of flow at the 
time the velocity is measured, the flow rate can be computed from 
the equation Q = AV. 
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When the net infiltration for a mini-system (upstream 
mini-system flows must be subtracted) is determined, the flow rate 
is compared to the amount of sewer pipe in the mini-system. By 
dividing the flow rate in gpd by the diameters of pipe and their 
various lengths, the severity of infiltration is expressed in the 
units of gallons per day per inch diameter of pipe per mile of 
sewer line (gpdim). The infiltration severity is compared to the 
criterion used to determine the excessiveness of the infiltration 
in an I/I Analysis to ensure that the present infiltration rates 
warrant further investigation at that time. If the infiltration 
exceeds that criterion the program for measuring line section 
infiltration can be scheduled. The groundwater level in the mini-
system is also used in planning the next portion of the study. The 
level of groundwater and the direction of movement determine the 
length of time in which line by line flow measurements can locate 
the greatest quantity of infiltration. 
To measure infiltration in each mini-system, the flow 
measurements are conducted during the low flow period of the day. 
In residential and commercial neighborhoods the low flow period 
usually occurs between midnight and six a.m. This is a time when 
little or no domestic wastewater contribution can be expected; and, 
the flows measured are assumed to be primarily infiltration. How-
ever, at an industrial complex which operates 24 hours each day, 
there is no period during which some domestic wastewater or process 
water is not transported in the sewer system. 
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The 24-hour operation of many industrial plants has 
rendered this technique useless in efforts to measure infiltration 
at these facilities. Although useful in providing a measure of 
infiltration immediately present in most cities, the flow monitor-
ing portion of the infiltration study has been abandoned in most 
industrial SSES studies. A line section by line section search for 
infiltration is much more conducive to the conditions present in 
industrial sewer systems. 
later section. 
This technique will be discussed in a 
Physical Survey of Manholes 
Within each mini-system that exhibits excessive infiltra-
tion, the manholes are surveyed to locate definite problem areas. 
Each manhole must first be located and opened to verify its 
position on the sewer map. Upon opening each manhole, its physical 
condition is noted; and, if structural problems or infiltration 
exist, a 
adjacent 
problems. 
full report is prepared to document the defects. The 
line sections are also investigated to determine pipe 
The information collected from the investigation of man-
holes is used to determine the rehabilitation methods required to 
repair defects or to eliminate infiltration. 
It is important to locate and have access to as many man-
holes as possible during the infiltration study. New line sections 
and manholes not shown on the sewer map are identified and included 
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in the total system footage so that flow measurements can be ob-
tained to determine infiltration rates. 
Manholes that are buried should be uncovered. The ability 
to isolate infiltration to individual line sections depends on the 
number of manholes in which flow measurements can be obtained. Not 
being able to assign infiltration rates to single line sections may 
result in unnecessary internal inspection of several adjacent lines 
when infiltration defects were only found in one line. 
A complete inventory of a manhole is conducted if defects 
or infiltration are noted. The following information is included 
in a manhole inventory report to document infiltration related 
defec t s; 
Clear opening 
Condition of walls and corbel 
Construction of walls and corbel 
Condition of steps 
Condition of apron and trough 
Location and quantity of infiltration 
If infiltration is present, it is quantified by a weir 
measurement or by visual observation. A significant quantity of 
infiltration can be measured by plugging the incoming flow and 
measuring the manhole infiltration through the outgoing line. If 
the line section flow is too great to plug safely, an estimate of 
the infiltration must be made. Minor seepage is generally esti-
mated at one tenth gpm. 
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In addition to the manhole information, the condition of 
adjacent line sections is recorded on the report. The pipe infor-
mation, obtained by shining a high intensity light down each line, 
includes: 
Line size 
Pipe type 
Quantity and type of deposition 
Evidence of roots 
Structural condition 
Condition of slope and grade 
Depth from manhole top to pipe invert 
Much of the information contained on each manhole investi-
gation report is used in preparing the rehabilitation program for 
manholes and line sections. The diameter of the clear opening is 
useful in determining that the equipment used in repairing the man-
hole or sewer lines can fit through the opening. The structural 
condition of manhole and pipe determines the degree of repair 
necessary. The size and type of pipe dictates the costs of replac-
ing or repairing each line section . The presence of roots or 
debris indicates the type of cleaning required. The cost of 
repairs also depends on line section depth. Quantities of infil-
tration are used to determine the effectiveness of each repair 
technique. 
The investigation of manholes is ideally conducted during 
periods of high groundwater so that maximum quantities of infiltra-
tion can be measured. This task is often reserved as contingency 
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work for days when rainfall or other conditions preclude the accom-
plishment of other infiltration study tasks. 
Flow Isolation 
This term describes the process of measuring infiltration 
in individual line sections or groups of line sections. Two tech-
niques are used to measure the infiltration in the line sections. 
The results of the flow isolation program are used to justify lines 
for internal television inspection. 
To provide reasonable assurance that the wastewater flows 
to be measured consist primarily of infiltration, flow isolation, 
like flow monitoring, is conducted during low flow periods. In 
cities, low flow customarily occurs between midnight and six in the 
morning. At industrial facilities low flow conditions generally 
exist after seven in the evening until seven the next morning when 
the administrative employees return to work. In the wastewater of 
plant which maintain a twenty-four operation, a portion of the flow 
will always contain domestic sewage and process water. 
The flow isolation process is initiated in a mini-system 
after flow monitoring has indicated that excessive infiltration 
exists at that time. Flow isolation, within a mini-system, is 
begun near the top of the system to allow a significant portion of 
the domestic flow to leave the mini-system so that it is not mea-
sured. Weir readings are then obtained at each manhole throughout 
the mini-system in the manner described in the flow monitoring sec-
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tion. However, in this case, the infiltration within a single line 
section or small group of lines is being measured rather than the 
entire mini-system's infiltration. 
One technique employed during flow isolation is the process 
of plugging the flow in upstream line sections and obtaining a 
single weir reading for one line section. The flow measured by 
this means represents infiltration from only one line section. 
This technique is useful for measuring flows in lines adjacent to 
industrial buildings where active service connections can be iden-
tified more easily in a single line than in a large group of lines. 
The alternate technique involves obtaining a series of weir 
readings in successive manholes. Weirs are set in several manholes 
within adjoining line sections and read successively from the down-
stream manho l e to the upstream manhole. The net infiltration for a 
particular line section is calculated by subtracting flows measured 
at an upstream manhole from the flow measured at a downstream man-
hole. This process of differential weir reading is best employed 
in lines where no service connections can possibly be discharging 
domestic waste or process water. 
Throughout the flow isolation program, these two techniques 
are generally combined and seldom is one used exclusively. A group 
of lines to be differentially weired may be isolated by plugging 
flow from upstream lines. Around industrial buildings, each line 
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section may be plugged and weired . The technique to be used 
depends on the characteristics of the sewer line and the wastewater 
flow. In both techniques, measurable infiltration in manholes and 
any flow from service connections discharging into a manhole are 
subtracted from the line section flow to determine the net infil-
tration in a line section. 
The flow rates measured during flow isolation are compared 
to the diameter and length of each line or group of lines to deter-
mine the severity of infiltration. The lines are then ranked in 
order from most severe to least severe infiltration sources. A 
preliminary cost effectiveness analysis may be performed to deter -
mine a cutoff value for infiltration severity expressed in gpdim. 
The lines in which infiltration is more severe than the cutoff 
criterion are scheduled for internal television inspection. The 
infiltration in the lines which fall below the criterion is deter -
mined to be uneconomical to locate or to remove; and, no further 
study is necessary for those lines. 
Internal Television Inspection 
Line sections in which excessive infiltration was found to 
be present during flow isolation are internally inspected to locate 
specific leaks and defects. The inspection should be scheduled as 
soon as possible after the lines have been flow isolated to ensure 
that nearly the same conditions exist for locating and quantifying 
infiltration . 
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Prior to beginning the actual inspection, the lines must be 
cleaned to remove any debris or roots so that defects are visible 
and that there is sufficient space for the camera to pass through 
the pipe. Several different cleaning techniques are available and 
their use depends on the size of the line and the quantity and type 
of debris to be removed. 
The most commonly used device is the high velocity hydrau-
lic cleaner which uses water pressure to dislodge and transport 
solids through the sewer line. The equipment consists of a water 
truck with a hose to which is attached a reverse spray nozzle. The 
hose is inserted into the sewer line at the downstream manhole. 
The water ejected from the nozzle propells the hose to the upstream 
manhole. With the water pressure increased, the hose is pulled 
back downstream pushing the debris towards the downstream manhole 
where it is removed from the sewer line. High velocity cleaning 
performs most suitably in lines from six to fifteen inches in 
diameter in which the debris covers less than one quarter of the 
pipe. Light roots may also be removed by this technique. 
In larger sewers, hydraulically propelled devices are used 
to scrape the sides of the pipe. This type of equipment pushes 
debris ahead of it as it is moved downstream by the water head 
built up behind it. 
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If the sewer line contains large amounts of sand or sludge, 
a bucket machine may be required to remove the debris . This 
machine consist of a pair of buckets which are pulled through the 
sewer line to remove sand, rocks, or sludge and deposit the 
material in a truck. 
Heavy roots and blockages may be removed with a power 
redding machine with a variety of attachments. 
When the lines have been cleared of all blockages, roots, 
debris, and other obstructions, a closed circuit television camera 
is used to inspect them. The camera is mounted on skids to keep it 
upright in the pipe and fitted with a high intensity light head to 
enable the operator to detect leaks and damaged pipe. 
As the camera is pulled through the pipe at a slow, steady 
rate, the operator notes all service connections, leaking joints, 
broken pipe, and other defects or landmarks on a log. All infil-
tration is quantified by comparing the leak observed on the monitor 
to a photograph of similar leaks in the same size pipe. All 
defects are photographed; and, often a videotape is used to docu-
ment the inspection. Along with a description and a quantity of 
infiltration, the distance to each defect and landmark is recorded 
so that they can be relocated during rehabilitation. 
The information recorded on the internal inspection log and 
the photographs are used to prepare the rehabilitation program for 
each line section . The type and number of defects determines the 
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method of repair. The quantity of infiltration is used to deter-
mine the effectiveness of the rehabilitation. 
CHAPTER VI 
INFLOW SURVEY PLAN 
General 
The inflow study generally consists of the following tasks: 
1) Continuous flow monitoring to determine the system's response to 
rainfall; 2) a physical survey of manholes to identify potential 
inflow sources; 3) smoke testing to locate specific sources of 
inflow; and 4) water testing to quantify inflow under simulated 
runoff conditions. Some of the same methodology used in the infil-
tration study is employed during the inflow study. Cleaning and 
internal inspection may be added to the list of tasks for 
specialized inflow detection. The same philosophy of first employ-
ing the broadest, least costly methods of locating defects is 
utilized in scheduling tasks for the inflow study. 
Continuous Flow Monitoring 
Continuously recording flow meters are installed throughout 
the sewer system to determine where excessive inflow problems 
exist. Flow monitoring is generally not required for an SSES being 
conducted in a city for which an I/I Analysis has identified mini-
systems with inflow unless an evaluation of updated rainfall data 
is sought. Each mini-system is monitored during an industrial 
study because usually no I/I Analysis has been completed. There-
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fore, little is known about the distribution of inflow throughout 
the plant. 
The flow meters are installed in mini-system key manholes 
to measure and record depths of flow in the sewer pipe for a period 
of sufficient length to capture at least one significant rain 
event. In pumping stations, the meters used record the time that 
each of the pumps runs during the day . The depths of flow or pump 
running times are converted to flow rates for analysis purposes. 
During the monitoring period, rainfall is also recorded. 
Hourly rainfall totals provide a measure of rainfall intensity. 
The amount of rainfall is compared to the quantity of inflow to 
draw correlations between the two values. 
To determine inflow rates, flow rates encountered during a 
ra i nfall event are compared to corresponding hourly rates which 
occurred on a day with no rain. Both peak and total inflow rates 
can be calculated by subtracting flow rates on non-rainfall days 
from rainfall related flow rates. 
When excessive inflow has been attributed to a mini-system, 
various rainfall simulation techniques are scheduled to locate 
specific sources of inflow. 
Physical Survey of Manholes 
As in the infiltration study, manholes are considered pos-
sible sources of extraneous water. Therefore, as part of the 
inflow study, manholes are surveyed to determine their potential to 
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allow runoff to enter the sewer system. The survey is generally 
conducted in conjunction with the investigation for infiltration 
sources but the results are included in the inflow estimates. 
On the manhole investigation report, the following informa-
tion is recorded to enable the engineer to estimate inflow into the 
manhole: 
Looseness of cover 
Number of holes in cover 
Size of holes in cover 
Depth of cover below grade 
Evidence of inflow 
Potential depth of submergence 
Potential area drained 
Evidence of surcharging 
The most common source of inflow into a manhole is through 
the cover. If the manhole cover is below grade or located within a 
depressed area, the potential for inflow is great. The width of 
the gap between the cover and the frame and the number and size of 
holes in the cover are both factors in the quantity of inflow that 
could enter the manhole. 
Tests for determining manhole cover inflow were conducted 
by the Neenah Foundry Company. The results of these tests indi-
cated that, for a one-inch head of water over the cover, an average 
of up to 16.80 gallons per minute of inflow may enter between the 
bearing surfaces of the frame and cover. Under the same condi-
tions, an additional 4.94 gallons per minute may enter each square 
inch of hole area in the cover. 
32 
Even manholes with covers at grade may be subject to inflow 
if they are situated in the slope of a street or on the side of a 
hill. The sheeting effect of runoff passing over the cover can 
contribute inflow if there are openings in the cover. 
In the same Neenah Foundry study, tests were conducted in 
which a head of one-eighth inch of water, nearly simulating sheet-
ing conditions, was allowed to accumulate over a manhole cover. 
Inflow between bearing surfaces approached an average of 4.00 gal-
lons per minute for the worst case. Each square inch of vent or 
pick holes could contribute an additional 0.25 gallon per minute of 
inflow. 
The evidence of surcharging in a manhole may indicate that, 
under certain conditions, the wastewater flow exceeds the capacity 
of the pipe. From this observation, the sewer lines, manholes, and 
other appurtenances in the vicinity may be assumed to contribute 
inflow during rainfall events. Special attention to performing 
various rainfall simulation techniques should be afforded to the 
portions of mini-systems which surcharge frequently during rain 
storms. 
Smoke Testing 
The most economical procedure for detecting sources of in-
flow is smoke testing. In this program, large portions of mini-
systems which exhibit inflow are tested quickly and inexpensively. 
Direct sources of inflow such as roof leaders, catch basins, drains 
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leaking service connections, and broken cleanouts are documented to 
evaluate their inflow potential. Indirect sources such as cross 
connections with the storm sewer and defective sewer pipe may be 
noted and scheduled for further investigation. 
Smoke testing is generally conducted in an isolated section 
of sewer into which smoke is introduced. Approximately 1,000 feet 
of sewer (three or four line sections) are isolated by restricting 
the wastewater flow into the area to be tested. A gasoline driven 
smoke blower is placed on an open manhole near the midpoint of the 
test area. Smoke produced by three or five minute smoke bombs is 
then forced into the sewer line. The smoke test crew then begins a 
search for above ground emissions. 
Each point at which smoke is emitted, other than plumbing 
fi x ture roof vents, is documented. The documentation includes a 
sketch of the smoke test area, the location of the defects, and a 
description of the defects. Photographs of the defects showing the 
maximum amount of smoke are also obtained. The potential area 
drained to the defect and the type of surface surrounding the 
defect are also noted. The sketches and photographs are used to 
ensure that the defects can be located easily if they are to be 
repaired. The area measurements are required in calculations for 
estimating inflow. 
For best results, smoke testing should be performed during 
low groundwater periods so that the smoke can travel through un-
saturated soil. Underground defects can not be detected when the 
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surrounding soil is saturated, frozen,, or snow covered. Smoke 
testing will also not yield results in pipes flowing full or in 
line sections that contain dips which can trap water. 
Inflow Calculations 
Inflow into many of the defects located during the physical 
survey and smoke testing can be estimated by direct calculation. 
The defects for which inflow is calculated are specifically identi-
fiable and the areas drained or potential depths of submergence are 
well defined. Inflow may be calculated for manhole covers, area 
drains, cleanouts, roof leaders, and some line section defects. 
Generally, three different equations are used to calculate 
inflow. Their application depends on the conditions concerning the 
type of defect and the potential for inflow. If more than one 
equation is applicable for estimating inflow into a single defect, 
the case which attributes the least inflow is considered to repre-
sent the limiting cond~tion. All equations are based on one or 
more field measured values. 
For defects with a well defined and measureable drainage 
area, the rational formula may be used to calculate inflow. This 
equation in which runoff (inflow) is directly related to rainfall 
intensity may be written: 
Q = CiA 
where Q = peak flow rate, cubic feet per second 
c = runoff coefficient 
i rainfall intensity, inches per hour 
A - area drained, acres 
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The runoff coefficient depends on the type of surface in the drain-
age atea. Common coefficients based on surface characteristics are 
0.70 to 0.95 for pavement, 0.75 to 0.95 for roofs, and 0.05 to 0.35 
for lawns. If more than one type of surface is drained, the runoff 
coefficients may be averaged based on the relative size of the 
drainage areas . The time of concentraion to any leak is assumed to 
be sufficiently short that the entire drainage area would contri-
bute runoff. 
The rainfall intensity usually represents a d.esign storm or 
a measured rainfall event. Calculations for all defects are based 
on the same storm so that comparisons can be made concerning the 
severity of individual defects. If necessary, the computed inflow 
rates can be easily adjusted to reflect different rainfall inten-
sities by direct multiplication. 
The area drained by each defect is relatively small and 
rarely exceeds a few thousand square feet. The area is determined 
by actual field measurements. 
An equation known as the orifice formula may be used to 
calculate the inflow through holes in a manhole cover or through an 
exposed hole in a pipe where water may accumulate above the defect. 
The rate of flow through a submerged orifice may be written: 
where 
Q = cA .J2gh 
Q = peak flow rate, cubic feet per second 
c orifice coefficient 
A = area of orifice opening, square feet 
g = acceleration of gravity, 32.2 feet per second squared 
h water head, feet 
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The orifice coefficient defines the reduction in area of the flow 
jet as it passes through the orifice. The coefficient depends on 
the shape of the orifice and varies from 0.5 to 1.0. 
The head represents the height that water could possibly 
stand above the inlet hole. The determination of the depth of sub-
mergence is based on field observations and on the characteristics 
of the terrain surrounding the defect. 
In some cases, the inflow into a defect may be limited by 
the capacity of a pipe. This limiting condition may exist when the 
inflow into a roof leader or an overflow is to be calculated. The 
full pipe capacity may be approximated by the equation 
Where Q 
A 
v 
Q = AV 
I 
flow rate, cubic feet per second 
area of flow, square feet 
velocity, feet per second 
Inflow is calculated for the pipe flowing full at a minimum 
velocity. 
If inflow into a defect can be computed by more than one 
means, the values are compared to determine the estimated inflow. 
Generally, in comparisons, inflow is limited by the area drained or 
by the capacity of the pipe. 
Water Testing 
The purpose of this technique is to simulate actual runoff 
conditions so that inflow into the sewer system can be measured. 
This technique is useful in measuring inflow into sewer lines adja-
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cent to or crossing under creeks, drainage ditches, and storm 
sewers. Direct quantification of inflow may also be necessary when 
specific information for inflow calculations can not be obtained. 
Internal television inspection in conjunction with water flooding 
may be necessary to identify defects which could not be adequately 
described by other methods. The procedures associated with water 
flooding are more expensive and time consuming than manhole inves-
tigations and smoke testing. It is most cost effective to reserve 
this technique for special problem areas where detailed investiga-
tion is warranted. 
The most simple type of water testing is tracing which 
involves pouring dyed water into a suspect inflow source to deter-
mine if the water discharges into the sanitary sewer line. This 
method is useful in locating roof leaders and sump pumps which may 
be illegally connected. These sources are potential large con-
tributors of inflow. In dyed water tracing, the inflow rate is 
usually calculated rather than measured because it is often impos-
sible to simulate suitable runoff conditions. The area of the roof 
is sufficient to determine inflow through the roof leader; and, the 
capacity of the sump pump provides a rate of inflow for that 
source. 
If an inflow source is readily discernable and quantifi-
cation of inflow under simulated rainfall conditions is required, a 
dyed water flooding test may be conducted. The procedure involves 
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first isolating the source of inflow with sandbags, plugs, or other 
barriers which could contain water in the immediate area of the 
defect. Prior to flooding the area, a weir reading is obtained in 
the adjacent sanitary sewer line at a manhole downstream from the 
test site. The area is then flooded with dyed water supplied by a 
hydrant or a water truck to simulate runoff. The sanitary sewer 
line is monitored for the presence of dye; and, a flow measurement 
is obtained when dye appears. The quantity of inflow which could 
enter the defect is computed by taking the difference of the two 
weir readings. This technique may be used to quantify inflow 
through manhole walls, through leaking service connections, from 
drainage ditches and creeks, and from direct catch basin connec-
tions. 
Sources of inflow within a sewer line which are not readily 
identifiable from above ground inspection require location and 
quantification by internal television inspection. While the sus-
pect source of inflow is being flooded with dyed water, the tele-
vision camera is pulled through the sewer line to locate defects 
such as broken pipe and leaking joints which are leaking as a 
result of the flooding. The quantity of inflow for each defect is 
determined by comparing the leaks with standard photographs of 
known leak sizes. 
Docwnentation of water testing includes a sketch of the 
test site which shows the defect location and the results of the 
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test . If inflow is measured, the flow rates before and after 
flooding are recorded. During television inspection, photographs 
are taken of all leaks associated with the flooding operation. 
CHAPTER VII 
CASE STUDY: OAK RIDGE GASEOUS DIFFUSION PLANT 
SEWER SYSTEM EVALUATION SURVEY RESULTS 
Scope qf Work 
This study was initiated in the Spring and Summer of 1979 
to identify point sources of infiltration and inflow and to esti-
mate the quantity of extraneous flows entering the wastewater col-
lection systems of the Oak Ridge Gaseous Diffusion Plant and Power-
house Area (ORGDP). The study was conducted by field crews 
employed by Penetryn System, Inc. and the project engineer was 
the author of this report. 
The Oak Ridge Gaseous Diffusion Plant and Powerhouse are 
located about nine miles southwest of Oak Ridge, Tennessee on State 
Highway 58. The study area for this survey included the entire 
wastewater collection systems tributary to the two treatment plants 
operated by the ORGDP. The K-1203 treatment plant serves approxi-
mately 49,200 linear feet of gravity sewers and 10 pumping sta-
tions. The K-710 plant is located in the Powerhouse Area and 
serves 5, 400 linear fe ,et of sewer. Line sizes ranged from 6 to 18 
inches in diameter. There are approximately 280 manholes contained 
within the two systems. 
41 
Efforts to locate and to quantify extraneous flows were 
divided between an infiltration study and an inflow study. The 
infiltration study consisted of flow isolation, manhole investi-
gation, preparatory cleaning, and internal television inspection. 
Smoke testing, dyed water tracing, and dyed water flooding com-
prised the inflow study. Continuous flow monitoring was imple-
mented to measure inflow during an actual rain event. 
The following discussion is excerpted from the study 
results section of the Sewer System Evaluation Survey Report pre-
pared for Union Carbide Corporation by Penetryn System, Inc. 
Infiltration Study Results 
General System Survey 
Prior to beginning the actual search for I/I sources, in-
formation about the collection systems was gathered by reviewing 
existing maps and data and by actual field observations. Maps of 
the sanitary and storm sewer systems were supplied by the engineer-
ing department. 
Each of the manholes in the two wastewater collection sys-
tems was assigned a number for future reference in conducting field 
tasks. Manholes in the Powerhouse Area are identified by the 
letter "P" preceding the number. 
For ease of study, the sewer system for ORGDP was divided 
into three smaller systems called mini-systems. The sewer system 
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at the Powerhouse comprised the fourth mini-system. A key manhole 
through which all the wastewater flowed was selected for each 
mini-system as a continuous flow metering point. A map was pre-
pared for each mini-system to show the key manholes, manhole 
numbers, and sewer line configurations. 
To familiarize themselves with the sewer systems, the field 
crew conducted an above ground inspection. During this inspection, 
the location of each manhole was verified and compared with the 
map. Flow direction was verified by opening each manhole. The 
physical condition of the manholes was noted at that time; and sus-
pected problem manholes were scheduled for further investigation. 
Manholes and line sections not shown on the maps were noted and are 
included on the mini-system maps. 
A number of manholes were not accessible during the survey 
of the sewer systems. Equipment covered some of the manholes; but 
most of it was moved so that the study could be continued. Other 
manholes could not be located because they were buried or paved 
over; and most of these were located and exposed. However, several 
manholes, particularly in the Powerhouse area, remained unexposed 
throughout the study thus limiting the scope of some of the 
activities which were subsequently performed. 
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Manhole Investigation 
During the SSES, a total of 90 manholes were investigated 
to determine their structural integrity and to quantify infiltra-
tion entering through walls, aprons, troughs, and adjacent line 
sections. Documentation of the inventory for each manhole was com-
pleted on a Manhole Investigation Report. 
The structural condition of the manholes investigated was 
generally good. Infiltration contributed by 19 manholes was esti-
mated to be 34,000 gpd as shown in Table 1. Most of the infiltra-
tion was entering the manholes through the walls. The infiltration 
rate was measured by plugging the incoming line and by placing a 
we i r in the outgoing line. When the infiltration rate was so small 
as to be unquantifiable, the seepage was estimated to be 0. 1 gpm 
( 144 gpd). 
I n Ma nholes 143 and 146, infiltration was entering the 
sewer system f rom supposedly abandoned lines. Inspection of the 
outgoing line in Manhole 7 indica ted that several joints in the 
outgoing line were leaking at a rate of 4,320 gpd. This infiltra-
tion rate is not included in the quantity shown in Table 1. 
Flow Isolation 
The flow isolation program was conducted in April 1979, 
following three months of wet weather in which nearly 15 inches of 
rain fell. The abundant rainfall created a condition of high 
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Table 1 
ORGDP MANHOLE INVESTIGATION RESULTS 
Manhole Mini- Estimated Infiltration No. System (gpd) 
7 2 5,320 
10 2 720 
P18 4 500 
P19 4 500 
P20 4 2,880 
25 3 144 
27 3 4,320 
29 3 1,440 
52 3 2,000 
52A 3 144 
52C 3 144 
71 3 144 
103 2 700 
124 2 7,200 
143 2 4,320 
146 2 1,440 
198 1 500 
214 1 1,000 
230 2A 144 
TOTAL 33,560 
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groundwater throughout the study area. These conditions were 
determined to be suitable for measuring infiltration entering the 
sewer systems. 
A total of 52,000 linear feet of sewer line were flow iso-
lated. The results of the flow measurements obtained indicate that 
approximately 90 _, 000 gpd of infiltration were entering the sewer 
system at that time. A complete list of the lines flow isolated 
and the measured flows are presented in Table 2. This table does 
not contain footage for service connections; thus, the total is 
less than the actua l sewer length investigated. 
The flow values shown in Table 2 represent net flows for 
the particular line section or group of line sections. To provide 
a measure of the infiltration severity in each line or group of 
lines, the flow rate was compared to the length of the line and the 
diameter of the pipe. The resulting rate was expressed in gallons 
per day per inch diameter of pipe per mile of sewer line (gpdim). 
The entries in Table 2 are listed in order of infiltration severity 
from worst case to best case. Upon review of the data, it was 
decided by Penetryn and ORGDP personnel that further investigative 
techniques be used to locate infiltration in line sections with 
severity rates above 2,000 gpdim. Therefore, 15 line sections were 
scheduled for internal television inspection. 
Several line sections could not be flow isolated due to 
surcharged conditions. Other lines in the Powerhouse Area were not 
isolated because manholes could not be found. 
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Although several building service connections were found to 
be in use during flow isolation, one connected to Manhole 64 was 
running at an excessive rate. Upon further investigation, a wash 
basin in Building 1008C was found to be leaking. The repair of the 
wash basin will remove approximately 10,000 gpd of extraneous water 
from the sewer system. 
Internal Television Inspection 
Based on the results of the flow isolation program, 2,443 
linear feet of sewer line were scheduled to be internally 
inspected. Approximately 2,100 linear feet were actually televised 
in April 1979. Although the lines were inspected about two weeks 
after flow isolation, the only leakage detected was from a service 
connection in Line Section 52-52A. In the other line sections, 
defects such as offset joints, cracked pipe and joints, broken 
p i pe, and crushed pipe indicated that infiltration could enter the 
system. Line Section 6-7 was not televised but leaking joints were 
observed during the investigation of Manhole 7. 
The line section stubbed into Manhole 71 was not inspected 
because there was no access to the sewer line through the stubbed 
out portion of the line. The flows measured in Line Sections 45-48 
and 37-40 were not significant enough to warrant internal inspec-
tion. Leaks of that small magnitude would be nearly impossible to 
locate with the television camera. 
so 
Complete internal inspection logs which note the defect 
types and locations in each line section were completed. 
Inflow Study Results 
Smoke Testing 
Smoke testing was performed in a total of 48,600 feet of 
sewer at the ORGDP and at the Powerhouse Area. During the investi-
gation, 32 defects were located and photographed. Sketches showing 
the portion of the sewer system tested, the location of the defect, 
and the type of defect photographed were prepared by field crews. 
Photographs of the smoke emissions were also taken as documen-
tation. 
A complete summary of the results of the smoke testing 
program is contained in Table 3. Each smoke emission that was 
photographed is described in this table. The points at which the 
smoke was observed above ground are noted in the description of the 
smoke emission. The actual sewer line defects that allow the 
inflow to enter the sanitary system were determined by other means 
such as dyed water tracing and flooding or internal television 
inspection. 
Smoke which showed up in roof leaders and catch basins 
indicated possible cross connections between the storm and sanitary 
sewer systems. It was determined by further investigation that the 
cross connections which did exist were not direct connections but 
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that smoke and therefore water transference was through the ground 
from leaking joints or broken pipe in both systems. The smoke 
which was observed in the catch basins also showed up in some ad-
jacent roof leaders. No inflow was attributed to the suspected 
cross connection detected in Line Section 163-164 because the storm 
sewer was found to be lower than the sanitary sewer line. 
As a direct result of the smoke testing program, calcula-
tions were made to provide quantification of inflow into nine 
defects as shown in Table 3. Calculations were based on the 
potential area drained to the defect. The calculations indicate 
that approximately 12,000 gpd of inflow could enter the sanitary 
sewer system through those nine defects. Inflow into the other 
defects was identified and quantified during other rainfall simu-
lation tasks which are discussed in the following paragraphs. As 
indicated on Table 3, inflow through some manhole defects will 
appear in another table and will be discussed ln a separate 
paragraph. 
Dyed Water Tracing 
As indicated by the results of the smoke testing program, a 
number of roof leaders and catch basins were determined to be in-
directly connected to the sanitary sewer system. By reviewing the 
storm sewer maps, iL was found that the roof leaders were connected 
to the storm sewer at the catch basins and that the connection 
lines crossed over the sanitary sewer lines. It was apparent, at 
53 
some of these points of crossover, that runoff collected by the 
roof leaders was entering the sanitary sewer via defects in both 
the roof leader connections and the sanitary sewer pipe. 
Therefore, a procedure to trace the flow from the roof 
leaders to either the storm or sanitary sewer system was initiated. 
The only place where this problem seemed to occur was in the sewer 
lines adjacent to the buildings which comprise the "U" as it is 
referred to by plant personnel. 
As described previously, dyed water was introduced into the 
roof leader connection through a cleanout-type opening in each 
downspout. Both the catch basins and the sanitary sewer manholes 
downstream of the test site were monitored for dyed water. In some 
cases, the caps were not removed from the cleanouts; and the roof 
leader connections were filled by forcing dyed water into them from 
the catch basin end. Some roof leaders were not tested because 
neither end was accessible as the cleanout cap was not removed and 
the catch basin was covered or buried. 
Dyed water was traced through 81 roof leaders located 
around the "U". Twenty-eight of these roof leaders produced posi-
tive results; that is, dyed water was observed in the sanitary 
sewer. The line sections in which leaking roof leader cross con-
nections existed are listed in Table 4. 
To determine the nature of the defect in the sanitary sewer 
pipe and to quantify the inflow from the roof leaders, line sec-
tions with possible leaking cross connections were scheduled for 
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internal television inspection. Line sections which were inter-
nally inspected are indicated by an 
Sections 102-PS and 149-150 were not 
asterisk in Tab le 4. Line 
televised becau se t h e l i nes 
upstream of the pumping stations were surcharged and t he sta tions 
could not relieve that condition. An apparent blockage in Li ne 
Section 118-119 prevented both cleaning and television ins p e c tion. 
As shown in Table 4, nearly 121,000 gpd of inflow from 20 
roof leaders were measured and/or observed on the t elevision moni-
tor. Measurements of inflow were made by obtaining a weir rea ding 
in the sanitary sewer before and after dye tracing . Leaks obse r v ed 
during internal inspection were estimated by c ornpa ri 1g them t o 
stan dard photographed leaks. 
I n some of the lines televised, leaks were no t observed but 
dye d i d indicate a leaking connection. In those c ase s and in some 
cases where the l ines were not televised, the quantity of inflow 
wa s calcul ated based on the roof area from which rain wa ter would 
drain to the roof leader. These calculations indicate that the 
maximum inflow that could be expected from the eight roof leaders 
addressed is approximately 1,295,000 gpd. Although the calculated 
values are used throughout this report, the actua l inflow contri -
buted by these roof leaders could be considered somewhat less if a 
comparison is made to the inflow measured from the other roof 
leaders. 
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Sketches depicting the tracing of flow through the roof 
leader connections were prepared. These sketches show the relative 
locations of the roof leaders and sanitary sewers, the points where 
dyed water was introduced, and the location of defective roof 
leader connections. Internal inspection logs and photographs 
showing sewer line defects and leaking joints were also completed 
to document the location and to quantify the inflow. 
Dyed Water Flooding 
To quantify potential inflow into some of the sources dis-
covered during smoke testing, dyed water flooding was performed in 
nine locations as shown in Table 5. In each location, the area 
adjacent to the point of the smoke emission was isolated and 
flooded with dyed water. Inflowing dyed water was measured at the 
downstream sanitary sewer manhole with a weir. A total of 
approximately 102,000 gpd of inflow was measured or observed on the 
television monitor during dyed water flooding. 
Internal television inspection was performed in conjunction 
with dye flooding in Line Section 25-26 where water was flowing 
through the ground to the sewer line. Leaking joints were observed 
and the leaks were estimated by comparing them to photographs of 
known leakage rates. Line section defects were also observed in 
the outgoing line of Manhole 223 as dyed water was introduced into 
a hole adjacent to the manhole. 
Line Section 
or Manhole 
25-26 
57 A 
53-54 
76-77 
72-73 
209-210 
P7-P13 
P23-P24 
222-223 
Table 5 
ORGDP DYED WATER FLOODING RESULTS 
Mini-
System 
3 
3 
3 
3 
3 
1 
4 
4 
1 
Defect Type 
Leaking Joints 
Manhole Walls Leak 
Suspected Leaking Joints 
Two 4" Overflow Lines 
2 Catch Basins 
Catch Basin 
Storm Culvert 
Suspected Crushed Pipe 
Leaking Joints & Leaking 
Service Connection 
*Observed during Internal Inspection 
i'•*Also in Table 6 
Estimated 
Inflow 
(gpd) 
15 '840-i• 
15,709 
3,254 
1,309 
-0-
-0-
40,320 
17,000 
8,640 
102,072 
57 
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Two 4-inch lines connected to Manhole 77 were found to be 
open to a drainage ditch parallel to the sewer line. Water in the 
ditch was flowing through those lines to the sanitary sewer system 
at the time quantification of the inflow was made. Based on cal-
culations of the capacity of the 4-inch lines, the maximum inflow 
which could enter the sewer system at that point could approach 
84,500 gpd. 
Line Sections 53-54, P7-P13, and P23-P24 were not televised 
because one of the terminal manholes in each section could not be 
located. Weir measurements of the inflow entering each line were 
obtained when the defects were flooded. Observations made outside 
the pipe were used to provide tentative descriptions of the defects 
until the manholes are located and internal television inspection 
is accomplished. 
The catch basins which emitted smoke during the testing of 
Line Sections 72-73 and 209-210 provided negative results when dye 
flooding was performed. It is assumed that the placement of the 
smoke blower very close to those catch basins forced smoke into 
them through paths in the ground not followed by the water. This 
is substantiated by the fact that only a wisp of smoke was noted 
and photographed. Negligible inflow can be expected to enter the 
sanitary sewer through these sources. 
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Manhole Investigation 
Twenty-eight manholes investigated during the study showed 
evidence of inflow. Among the causes of inflow were depressed 
covers, holes in covers, loose frames, and leaks through walls, 
corbels, or troughs. Most of the inflow was calculated using 
either the area drained by the manhole or the potential head of 
water which could exist above the manhole cover. Inflow leaks were 
measured in Manholes 57 A and 156 during dyed water fl·ooding and 
tracing activities. It is estimated that 1,308,000 gpd of inflow 
could enter the sewer system through these manhole defects as shown 
in Table 6. 
Inflow Monitoring 
By comparing the flow rates from a day with rainfall to 
those from a non-rainfall day, the quantity of inflow entering the 
sewer system could be estimated. Rain days were plentiful during 
the study period due to the large amount of rainfall. The inflow 
estimates for Mini -Systems 1, 2, and 3 were based on a 1. 66-inch 
rain which occurred on July 20, 1979. The maximum hourly flow rate 
during the rain event was compared to the maximum flow for a non-
rainfall day to determine the peak inflow. 
Results of the flow monitoring program indicate that 
approximately 1.323 mgd of inflow entered the sewer system at the 
ORGDP as a result of the 1. 66-inch storm. The contribution from 
Mini-System 1 was estimated to be .18 rngd; and approximately 1.143 
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Table 6 
INFLOW TiffiOUGH MANHOLES AT ORGDP 
Manhole Mini- Estimated 
No. System Inflow (gpd) 
3 2 160 
6 2 641 
7 2 4,807 
P8 4 165 
11 2 30 
13 3 2,257 
P20 4 160 
20 3 11,652 
27 3 550,498 
29 3 550,498(1) 
41 3 1,602 
48 3 7,882 
52 3 1,780 
55 3 1,389(2) 
57 A 3 15 '709 
58 3 26,038 
71 3 80 
72 3 712 
156 2 2,880 
161 2 67 
163 2 93,095 
164 2 1,335 
170 2 734 
176 1 31,760(1) 
184 1 445 ( 1) 
192 1 428(1) 
214A 1 111 
223 1 1 135( 1 ) 
' 1,308,050 
(1) Located during smoke test & included in Table 3 
(2) Located during dyed water flooding & included in Table 5 
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mgd of inflow were entering Mini-Systems 2 and 3. Hourly hydro-
graphs showing the comparison of the rainfall and non-rainfall days 
and tables showing the hourly flow depth and flow rates were pre-
pared for Mini-Systems 1, 2, and 3. The calculation of inflow for 
each mini-system is shown below. 
Mini-System 1 
Peak flow on July 20 (1.66" rain) 
Peak flow on Aug. 2 (no rain) 
Estimated Inflow 
Mini-System 2 and 3 
Peak flow on July 20 (1 .66" rain) 
Peak flow on March 29 (no rain) 
Estimated Inflow 
1 .001 mgd 
.821 mgd 
.180 mgd 
1.704 mgd 
.561 mgd 
1.143 mgd 
Most of the inflow entered the sewer system in Mini-Systems 
2 and 3 as indicated by the rainfall simulation results. The 
quantity of inflow estimated from rainfall simulation is somewhat 
greater than the inflow experienced during the rainfall event on 
July 20. One reason for the difference in magnitude is that inflow 
into some of the located defects was not measured and formulae were 
used to calculate the maximum possible inflow. Results of rainfall 
simulation techniques applied to similar defects showed measured 
flow rates of a lower magnitude. In addition, the intensity of 
rainfall used in the calculations was not the same as the intensity 
encountered during the monitored storm. Therefore, the results of 
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the rainfall simulation program were used as a basis for rehabili-
tation. The inflow encountered during the monitored rainfall event 
does, however, provide an indication that large quantities of 
runoff are entering the sewer system. 
CHAPTER VIII 
CASE STUDY: OAK RIDGE NATIONAL LABORATORY 
SEWER SYSTEM EVALUATION SURVEY RESULTS 
Scope of Work 
This study was initiated in the fall of 1979 and the spring 
of 1980 to identify point sources of infiltration and inflow and to 
estimate the quantity of extraneous flows entering the wastewater 
collection system of the Oak Ridge National Laboratory (ORNL). The 
field tasks were performed by Penetryn System, Inc. The project 
engineer responsible for preparing the final report was the author 
of this report. 
The Oak Ridge National Laboratory is located approximately 
six miles southwest of the City of Oak Ridge, Tennessee on Bethel 
Valley Road. The study 
sys tern located at ORNL. 
mini-systems, consisted 
area comprised the entire sanitary sewer 
The sewer system was divided into three 
of approximately 26,500 linear feet of 
sewer line, and contained approximately 154 manholes. The sewer 
lines studied ranged from 6 to 10 inches in diameter. 
Efforts to locate and to quantify extraneous flows were 
divided between an infiltration study and an inflow study. The 
infiltration study consisted of flow isolation, manhole investiga-
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tion, preparatory cleaning, and internal television inspection. 
Continuous flow monitoring, smoke testing and dyed-water flooding 
comprised the inflow study. 
The results presented in the following sections are 
excerpts from the Sewer System Evaluation Survey study report pre-
pared for Union Carbide Corporation by Penetryn System, Inc. 
Infiltration Study Results and Conclusions 
General System Survey 
Prior to beginning the search for I/I sources, information 
about the collection system was gathered by reviewing existing maps 
and data and by actual field observations. Maps of the sanitary 
and storm sewer systems were supplied by the engineering depart-
ment. The manhole numbering system presented on the sanitary map 
was used. 
For ease of study, the sewer system for ORNL was divided 
into three smaller areas called mini-systems. A key manhole, 
through which all the wastewater flowed, was selected for each 
mini-system as a continuous flow metering point. Table 7 sum-
marizes the quantity of sewer lines and the number of manholes in 
each mini-system. 
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TABLE 7 
ORNL SYSTEM INVENTORY 
Mini-System 6" (ft) 8" (ft) 10" (ft) Total (ft) Manholes 
1 4,340 3,070 1,310 8,720 47 
2 5,630 5,820 920 12,370 84 
3 3,620 1,790 5,410 23 
TOTALS 13,590 10,680 2,230 26,500 154 
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To familiarize themselves with the sewer system, the field 
cr,ew conducted an above ground inspection. During this inspection, 
the location of each manhole was verified and compared with the 
map. Flow direction was verified by opening each manhole. The 
physical condition of the manholes was noted at that time; and 
suspected problem manholes were scheduled for further investiga-
tion. Manholes and line sections not shown on the maps were noted 
and are included on the mini-system map. 
A number of manholes were not accessible during the survey 
of the sewer system. Some manholes could not be located because 
they were buried or paved 
subsequently located and 
over~ Most of the buried manholes were 
exposed but the others remained paved 
over. Many other manholes could not be entered due to high concen-
trations of radioactivity which made entry unsafe. 
Manhole Investigation 
During the SSES, a total of 23 manholes were investigated 
to determine their structural integrity and to observe any defects 
in adjacent line sections. Documentation of the inventory for each 
manhole was recorded on Manhole Investigation Reports. 
The structural condition of the manholes investigated was 
generally good. Two manholes showed evidence of infiltration. 
Approximately 360 gpd of infiltration were entering Manhole 56 
between the corbel and the walls. In Manhole 96 ,, seepage, below 
67 
the point where the line from Manhole 223 was broken through the 
wall, was observed. It is possible that the infiltration noted in 
these two manholes was actually caused by the rain that was falling 
at the time. Other manholes investigated that day showed evidence 
of rain-induced infiltration or indirect inflow. 
Manhole 216 is located near a tree and is extensively root 
bound. The walls are entirely covered and two service lines are 
almost plugged with roots. The roots have contributed to the 
deteriorated condition of both eight-inch lines adjacent to the 
manhole. 
Other manholes which may have contained structural defects 
were not entered to survey their condition due to unsafe levels of 
radiation. In Manhole 140, it appeared from the surface that a 
board was lodged in the incoming line. 
Flow Isolation 
The flow isolation program was conducted in early May 1979 
following several weeks of dry weather. Groundwater gauges in-
stalled in three locations around the plant showed no groundwater 
at anytime during the study. This indicated that, although no 
groundwater was present at those locations, other areas of the 
plant may contain groundwater. It was considered most probable 
that only a few isolated portions of the sewer system were subject 
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to groundwater due to the hilly terrain and relatively shallow 
lines. Therefore, flow isolation was conducted to locate those 
lines subject to any groundwater present at the time. 
More than 50,000 gpd of infiltration were isolated in the 
21,000 linear feet of sewer lines tested. The remaining 5,500 feet 
of sewer comprised service connections and were only flow isolated 
to determine what flows were being discharged from buildings. The 
complete summary of flow isolation results presented in Table 8 
contains only the main sewer lines isolated and the flow rates mea-
sured in each. 
The flow values shown in Table 8 represent net flows for 
each particular line section or group of line sections. To provide 
a measure of the infiltration severity in each case, the flow rate 
was compared to the length of the line and the diameter of the 
pipe. The resulting quantity was expressed in gallons per day per 
inch diameter of pipe per mile of sewer line (gpdim). The entries 
in Table 8 are listed in order of infiltration severity from worst 
case to best case. 
Upon review of the data, 16 line sections were scheduled 
for internal television inspection. All lines had infiltration 
severity rates above 2,000 gpdim. 
Several lines could not be flow isolated due to the 
presence of high levels of radiation. This necessitated the group-
ing of line sections with a single flow measurement because it was 
not possible to isolate the flow to any one line section. 
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Line sections from Manhole 251 to Manhole 163 were not 
scheduled for internal inspection because we were informed that 
those lines remained contaminated. Line Section 254-255 was not 
scheduled for inspection because the small quantity of infiltration 
could not be located with the television camera. 
The force main which discharges into Manhole 270 was found 
to be leaking at a rate of approximately 9,340 gpd after the pump-
ing station had been turned off. It is possible that the force 
main is leaking at a point where it passes beneath the creek east 
of Manhole 270. There is no way to investigate the leakage short 
of excavating the force main in the creek. 
Internal Television Inspection 
Approximately 3,300 feet of sewer lines were scheduled for 
internal inspection after flow isolation was completed. A total of 
2,226 feet of sewer line was actually inspected to locate sources 
of infiltration. Table 9 swnmarizes the results of the internal 
inspection program by showing the lines televised and the defects 
observed. The total line 
cases the total is greater 
Line Sections 167-170 and 
section lengths are listed and in some 
than the actual length inspected. In 
175-173, obstructions and heavy flows 
prevented internal inspection of the entire line sections. Inter-
nal inspection logs and photographs documenting the inspection were 
prepared. 
Mini-
System 
1 
2 
3 
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TABLE 9 
ORNL INTERNAL INSPECTION SUMMARY 
Line 
Section Length (ft) 
27-213 120 
128-131 192 
131-132 198 
134-135 190 
167-170 300 
175-173 277 
176-175* 190 
192-192A 150 
259-260 75 
259-261 360 
260-162 48 
266-177 250 
265-269 323 
269A-269 235 
2,908 
Defects Noted 
Cracked pipe 
Roots, leaking joint, dip 
in line,deteriorated joint 
Cracked pipe, offset joints 
Dip in line 
Cracked and broken pipe 
Cracked and broken pipe, 
offset joints, dip in line, 
leaking service connection 
Cracked pipe, offset 
joints) roots, dip in line 
Cracked and broken pipe, 
roots, offset joints 
None 
Cracked pipe, offset joints, 
leaking service connection 
None 
Cracked pipe, offset joints, 
roots, dip in line 
Cracked and broken pipe, 
offset joints 
Evidence of past leakage 
*Inspected in an attempt to identify a possible inflow defect. 
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It was not possible to televise two line sections with in-
filtration rates above 2, 000 gpdim. Manhole 102A contained high 
levels of radiation, thus preventing the necessary access to both 
manholes in Line Section 102A-102. Line Section 165-261 contained 
too much flow from service connections to allow proper investi-
gation. 
Conclusions 
Infiltration does not appear to be a serious problem at 
ORNL. On a total system basis, the infiltration severity is 
approximately 1,700 gpdim which is below the criterion selected for 
the investigation of individual line sections. 
Other conditions indicate that infiltration is not a major 
contributor to the extraneous water entering the sewer system. The 
terrain at ORNL is hilly and the soil seems well drained and unable 
to support a constant high groundwater level. The creeks and other 
drainage channels passing through the plant contained running water 
during the study periods. This indicated that most groundwater was 
being drawn to these channels rather than the pipe trenches where 
it could enter as infiltration. The groundwater gauges inserted 
through manhole walls in three locations throughout the plant 
failed to indicate the presence of groundwater at any time during 
the study. These gauges were even checked after a week of rainfall 
at a time when groundwater would most likely be present. 
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The shallow depth of most of the sewer lines is another 
factor which would keep most lines above a groundwater table. The 
average depth of sewer lines is approximately eight feet. The 
deepest lines (deeper than ten feet) are located on hills, where 
infiltration is unlikely, or in the southern end of the plant where 
most of the infiltration was indicated during flow isolation. 
It is unlikely that a high groundwater level could be sus-
tained over a wide area of the plant at any time during the year. 
Isolated areas of groundwater at levels above the sewer lines exist 
in some areas. 
Inflow Study Results and Conclusions 
Smoke Testing 
Smoke testing was performed in approximately 26,500 feet of 
sewer lines and service connections at ORNL. During the testing, 
23 defects were located and photographed. Sketches were prepared 
and show the portion of the sewer system tested, the location of 
the defect, and the type of defect photographed. A complete sum-
mary of the results of the smoke testing program is contained in 
Table 10. 
Many manholes emitted smoke through pick or vent holes; 
but, most were determined to contribute no inflow due to negligible 
drainage area. The nine manholes documented during smoke testing 
contained defects other than holes in covers. Five additional man-
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holes determined to be inflow sources were located during the man-
hole investigation program. These manholes also appear in 
Table 10. Investigation reports were prepared for each manhole 
with inflow except Manholes 110 and 164 which could not be entered 
due to high radiation levels. 
Inflow into several of the defects was calculated using the 
Rational Formula when a drainage area was discernable. Defects 
with negligible drainage areas were considered to allow insignifi-
cant quantities of inflow to enter the sewer system. 
Inflow into Manhole 710 was contributed by a 4-inch drain 
line connected to the nearby truck scales. To eliminate this 
inflow source, a line could be constructed to discharge into exist-
ing storm drainage located approximately 120 feet northwest of 
Manhole 710. 
The hole in the pipe from Manhole 271 to Manhole 266 was 
caused by a street sign post entering the sewer line. The street 
sign should be moved to a more suitable location so that the pipe 
can be repaired. 
Defects for which no drainage area could be determined were 
scheduled for dyed-water flooding so that an attempt to measure 
inflow could be made. Twelve sites were selected for flooding 
exercises. 
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Dyed-Water Flooding 
As shown in Table 10, attempts to measure inflow under 
simulated runoff conditions were made at twelve sites. The means 
to accomplish the runoff simulation was to flood the area adjacent 
to the suspected defect and measure the inflow. 
Several dye flooding tests showed that inflow into smoke 
located defects was negligible or not possible at all. At other 
sites, the results of the tests were inconclusive. Sketches show-
ing the site and results of each flooding test were prepared. The 
measurements obtained for positive tests are shown in. Table 10. 
Dye flooding conducted adjacent to Line Section 96-94 indi-
cated that the catch basin which emitted smoke was not connected to 
the sanitary sewer. The close proximity of the smoke blower to the 
catch basin may have caused unnatural transference of smoke through 
the ground to the catch basin. 
A 6-inch pipe open to a drainage ditch was found to be 
directly connected to the sewer line from Manholes 155 to 164. 
This pipe appears to be a constructed bypass from the sewer to the 
drainage ditch. Although it is approximately three feet above the 
water level in the ditch, we were told that during heavy rains the 
water has been known to rise to the level of the pipe. Due to high 
levels of radiation in Manhole 164, the actual inflow rate simu-
lated during flooding could not be measured. 
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The leaking service connection connected to Manhole 54 was 
leaking due to a power line down-guy broken through the sewer pipe. 
The hole above the service connection is in a position to allow 
more than the quantity measured during flooding because the flow 
actually exceeded the measurement capacity of the weir. The value 
shown in Table 10 is conservative. 
A cross connection between the storm and sanitary sewers 
was suspected in the vicinity of Manholes 8 and 182. Dye flooding 
results were negative but we were unable to sufficiently block the 
flow in the storm sewer to allow the water to backup. Physical 
inspection of the storm sewer indicated a slightly open joint in 
the area where an abandoned sanitary line passed under the storm 
line. However, the small amount of smoke observed in the storm 
sewer during smoke testing was assumed to indicate only negligible 
inflow. 
Another cross connection is suspected in Line Section 
175-176. Again dye flooding results were negative due to the 
inability to plug the flow in the storm sewer at a point where a 
large quantity of water would not be necessary. An attempt was 
made to internally inspect Line Section 175-176, but high flows and 
a severely offset joint prevented the passage of the camera. The 
offset joints and cracked pipe observed in that line section and 
others in the area indicate a good probability that defective pipe 
and joints at the point where the storm and sanitary lines cross 
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could allow inflow to enter the sanitary sewer system. Based on 
this information, the line section has been scheduled for rehabili-
tation to eliminate any possible inflow from an indirect cross con-
nection. 
Continuous Flow Monitoring 
To determine the magnitude of the inflow problem encoun-
tered during actual rain events, a flow monitoring device was 
installed in each minisystem. These flow meters measured depths of 
flow in the sewers throughout the study period. Inflow was deter-
mined by comparing rainfal l event flows to wastewater flows on 
typical non-rainfall days. 
During the study period, three flow meters were installed 
at ORNL. The meters installed in Manholes 136 (Mini-System 1) and 
144 (Mini-System 2) monitored the depths of wastewater flowing 
through the sewer pipes. In Manhole 266A (Mini-System 3), a bulk-
head weir was constructed and the head of the water flowing through 
a 90 degree V-notch was monitored. 
Table 11 shows the days during the study period on which 
rainfall occurred. The events which occurred on October 21 and 27, 
1979 were used to estimate the quantity of inflow entering the 
sewer system. These events were chosen for their magnitude and 
their intensity. Both rainfalls totalled over one inch. During 
both days, the greatest quantity of rain fell within three or four 
hours. For the storm on October 21, the average intensity for the 
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TABLE 11 
DAILY PRECIPITATION DATA 
DATE RAINFALL (IN) DATE RAINFALL (IN) 
October 13, 1979 0.17 October 27 1.25 
October 14 0.01 October 28 0.35 
October 18 0.08 November 2 0.01 
October 20 0.27 May 7,1980 0.11 
October 21 1. 45 May 13 0.06 
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three hour span in which approximately 1.22 inches of rain fell was 
0.41 inches per hour. On October 27, approximately 0.91 inches of 
rain fell in four hours and produced an average intensity of 0.23 
inches per hour. The rainfall data was obtained from the NOAA 
office located in Oak Ridge, Tennessee. 
By comparing the flow rates from the days with rainfall to 
those from a non-rainfall day, the quantity of inflow entering the 
sewer system was estimated. Table 12 shows the peak inflow mea-
sured during the two subject rain events. The quantities represent 
peak inflow rates and were calculated by subtracting, from the peak 
flow during a storm, the flow during the corresponding hour of a 
non-rainfall day. The ratio of peak inflow for the two storms was 
reasonably well aligned with the ratio of rainfall intensities. 
The September 21 storm was twice as intense as the one on September 
27 and also produced twice the rate of inflow. By applying a 
similar ratio, the potential inflow for a one inch per hour storm 
was estimated to be 1,056,000 gpd as shown in Table 12. 
Conclusions 
The results of the flow monitoring program indicate that 
inflow is a significant constituent of the extraneous water enter-
ing the sanitary sewer system. The variation between the inflow 
quantified by rainfall simulation techniques and the measured 
inflow indicates that there are additional sources of indirect 
inflow. 
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TABLE 12 
ORNL ESTIMATED PEAK INFLOW (GPD) 
Mini- September 21 September 27 Computed Storm 
System (. 41 in/hr) (. 23 in/hr) (1 in/hr) 
1 179,000 94,000 423,000 
2 164,000 66,000 344,000 
3 90,000 82,000 289,000 
TOTALS 433,000 242,000 1,056,000 
CALCULATIONS 
MINI-SYSTEM 1 : 
Peak flow on September 21 (1600 hours) 284,000 gpd 
Flow on September 20 (1600 hours) -105,000 gpd 
Estimated Peak Inflow 179,000 gpd 
Peak flow on September 27 (1600 hours) 220,000 gpd 
Flow on September 26 (1600 hours) -126,000 8Ed 
Estimated Peak Inflow 94,000 gpd 
1"1INI-SYSTEM 2: 
Peak flow on September 21 (1400 hours) 434,000 gpd 
Flow on September 20 (1400 hours) -216,000 gpd 
Flow from Mini-System 3 - 54,000 BEd 
Estimated Peak Inflow 164,000 gpd 
Peak flow on September 27 (1300 hours) 362,000 gpd 
Flow on September 26 (1300 hours) -242,000 gpd 
Flow from Mini-System 3 - 54,000 gEd 
Estimated Peak Inflow 66,000 gpd 
MINI-SYSTEM 3: 
Peak flow on September 21 (1500 hours) 102,000 gpd 
Flow on September 20 (1500 hours) - 12,000 &Ed 
Estimated Peak Inflow 90,000 gpd 
Peak flow on September 27 (1200 hours) 96,000 gpd 
Flow on September 26 (1200 hours) -14,000 gpd 
Estimated Peak Inflow 82,000 gpd 
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The defects located during smoke testing and dyed-water 
flooding were sources of direct inflow. As such, they contribute 
to the total inflow rate at different times and should not be corn-
pared directly to the measured inflow. The inflow rates applied to 
the individual defects are beneficial for comparing the severity of 
inflow into each source. 
It is apparent that some of the defects could contribute 
more inflow than calculated or measured during flooding. The 
sources through which inflow could not be quantified may contribute 
a great deal of the inflow. In addition, rain-induced infiltration 
through manhole walls and sewer line defects is considered to be a 
large contributor to the total inflow. It is evident from the con-
dition of the sewer lines and some manholes investigated that there 
are a number of defects that would allow water to enter the system. 
The shallow depth of many of the sewer lines would accommodate 
rapid transference of rain water through the ground and into these 
defects. 
By repairing the inflow defects, the peak inflow rate would 
be reduced. The repair of the infiltration type defects would also 
reduce the quantity of inflow entering the sewer system. 
CHAPTER IX 
ANALYSIS AND CONCLUSIONS 
General 
The sewer systems at the two Oak Ridge installations were 
both installed in the 1940's yet they exhibit some distinctive 
infiltration and inflow problems unto themselves. Although the 
facilities connected to the sewer systems present similar indus-
trial type flow characteristics, the physical conditions of the 
pipes and manholes differ. The results of the sewer studies con-
ducted at these plants also differ somewhat from the findings which 
can be expected when municipal studies are performed. Even the 
conditions under which the industrial studies are conducted are 
different than the atmosphere of a city. However different the 
studies are, those differences are balanced by the fact that most 
procedures and tasks apply to all sewer studies. Although the 
environments may change, the same basic approach to Sewer System 
Evaluation Surveys can be utilized. 
Industrial Study Comparisons 
As previously stated, the sewer systems at both industrial 
complexes were constructed circa World War II probably by the Corps 
of Engineers as they were military installations at that time. The 
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majority of the sewers in both plants are contained in a central-
ized process area. Smaller groups of pipes serve outlying build-
ings and discharge into the main system via force mains. Adminis-
trative buildings, in which employees observe standard working 
hours, are situated in both plants. Most of the remaining build-
ings are either abandoned or are manned full time to maintain the 
operations at the plants. 
generally less populated 
Night and weekend shifts of workers are 
and sewer flows decrease somewhat. 
Industrial process water is the largest component of the waste 
stream. 
Both sewer systems presented health hazards to the investi-
gation crews. At the Gaseous Diffusion Plant, several manholes 
could not be entered due to toxic atmospheric conditions when 
wastewater from chemical experiments had been discharged into the 
sewer system. Unsafe levels o£ radiation in many manholes at the 
National Laboratory prevented access. The close proximity of 
radioactive waste lines and a past accident in which radioactive 
water entered the sanitary sewer system have left manholes con-
taminated. Special precautions in testing the air and the radi-
ation in manholes had to be taken during both studies. 
The results of the manhole investigation phase of the 
studies illustrate the difference in the conditon of the manholes 
at each plant. At the ORGDP, 32 percent of the manholes were in-
vestigated while only 15 percent of those at ORNL were inventoried. 
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Access difficulties prevented crews from openning all manholes and 
possibly finding more problems that required documentation. The 
presence of radiation in a number of manholes at ORNL precluded the 
investigation of some manholes which may have contained structural 
problems or leakage. 
Of the manholes inventoried at ORGDP, 21 percent contri-
buted visible infiltration. Only two manholes or 13 percent of 
those investigated at ORNL were found to contain infiltration. One 
reason for the greater number of leaking manholes at ORGDP was the 
greater depth of the manholes. The level of the groundwater at 
ORGDP had been raised by recent rains and had reached above the 
invert of several defective manholes. The more shallow manholes 
and the assumption that the terrain at ORNL could not support a 
high groundwater table for an extensive period of time provided 
less than favorable conditions for infiltration. In fact, the 
infiltration noted in the two manholes at ORNL was most likely 
rain-induced as the investigations were conducted during a light 
rain shower. 
Due to the high groundwater conditions at ORGDP, the man-
holes were found to contribute more than one quarter of the 
measured infiltration into the sewer system. Conversely, at ORNL, 
only one percent of the infiltration was entering the sewer system 
through manholes. 
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Approximately 69 percent of the measurable inflow at ORNL 
was attributed to 43 percent of the manholes investigated. The 
percentage of inflow could be lower if direct inflow quantification 
had been possible at three potential sources. Fewer manholes (31 
percent of those investigated) contributed a smaller percentage (46 
percent) of the inflow at ORGDP. A higher percentage of manholes 
were subject to inflow due to the more hilly conditions and the 
more numerous pending areas at ORNL. 
The remaining investigations at both plants consisted of 
manholes with structural defects not related to infiltration/ 
inflow, metering locations, groundwater gauge sites, and force main 
discharge points. 
Flow isolation was conducted in 75 to 80 percent of the 
sewer systems at both locations. The entire system lengths were 
not actually isolated because the lengths of numerous service con-
nections are included in the total pipe inventory. It was not 
possible to measure flow rates in all service connections. Buried 
manholes and surcharged lines prevented the crews from flow isolat-
ing all of the remaining sewers . 
From the flow isolation results, line sections with exces-
sive infiltration were scheduled for internal inspection. In the 
ORGDP system, infiltration was found in many lines throughout the 
plant but only four percent of the sewer lines contained excessive 
flow rates. It was determined that only 32 percent of the infil-
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tration was feasible to effectively locate and eliminate from the 
sewer system. At ORNL, approximately 80 percent of the infiltra-
tion was considered excessive and 13 percent of the line sections 
were scheduled for inspection. These facts indicate that ground-
water related defects existed in isolated sections rather than 
throughout the entire system. 
The actual footage that was internally inspected was some-
what less than the qualified amount due to flow conditions, block-
ages, or manhole access problems. In several cases at both plants, 
surcharged conditions or high flow rates made accurate visual 
observation of defects impossible. Blockages J..n a few line sec-
tions prevented the camera from passing through the entire length 
of the section. The inability to enter both terminal manholes of 
line sections prohibited inspection of some lines in each plant. 
Smoke testing was attempted in the entire sewer length of 
each system. Some surcharged lines and adjacent lines with no man-
hole access prevented the testing of approximately ten percent of 
the sewers at ORGDP . The results of the smoke testing programs 
indicated that further investigatory techniques be used to locate 
and quantify some inflow sources. 
The distributions of inflow related defects located by 
rainfall simulation techniques were 0. 9 and 1. 2 per 1, 000 feet of 
sewer for ORNL and ORGDP respectively. The types of defects 
included roof leaders, storm cross connections, leaking service 
connections, and leaking manholes. 
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A comparison of measurable or accountable inflow with 
inflow measured during an actual event provided differing results 
for the two plants. At ORGDP, the inflow quantified during 
rainfall simulation equalled or exceeded the inflow monitored 
during a storm. This indicated that the inflow entered the sewer 
system directly through the defects that had been located. At 
ORNL, however, the direct sources of inflow that were located con-
tributed only a portion of the total inflow. Indirect inflow or 
rain-induced infiltration through manhole and pipe defects allow 
the remaining inflow to enter the system during and after rain 
storms. These indirect inflow sources are difficult to detect; 
but, it is thought that the repair of identified infiltration-type 
defects will also eliminate some of the inflow. 
However different the results of the studies, the means to 
attain the location and quantification of infiltration/inflow are 
basically the same for each industrial site. Variances occur 
because each industrial sewer sytem is unique. The basic approach 
to sewer studies conducted in industrial plants is derived from 
many years of practice in municipalities. Here too though 
differences arise from the contrasting environments of cities ver-
sus industrial plants. 
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Industrial Studies versus Municipal Studies 
Over 200 municipal sewer studies have been conducted by 
Penetryn System, Inc. since the implementation of PL 92-500. The 
sewer systems ranged in si.ze from a few thousand feet in cities 
like Snow Hill, Maryland and Cridersville, Ohio to millions of feet 
in Louisville, Kentucky and San Antonio, Texas. To provide a basis 
for comparison with the two Oak Ridge projects, twenty SSES studies 
conducted in sewer systems ranging from 11,000 to 82,000 linear 
feet were analyzed. All twenty cities contained separate sanitary 
sewer systems because combined systems present special inflow prob-
lems. Both similarities and differences between the two types of 
studies were noted. 
The first obvious difference was the environment in which 
crews had to work. Access to the city work sites was unrestricted 
except for obtaining permission from homeowners to cross their 
properties when sewers are located in easements. However, at both 
ORGDP and ORNL, security clearances had to be obtained to enter the 
grounds because somewhat secretive operations and experimentation 
were being performed_. At ORGDP, a security guard was assigned to 
our crew while inside the gates. Several areas were off limits to 
our crews at both plants. Frequent delays were encountered while 
security guards were located to escort our crews. These types of 
inconveniences are rarely encountered in public systems. 
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A common problem to all studies is buried, covered, or 
otherwise inaccessible manholes. Many cities have a sewer depart-
ment that can easily and often willingly help locate and uncover 
manholes. Obtaining access to manholes covered by equipment or 
buried at the industrial plants was a major operation. Work orders 
had to be issued for one group of workers to indicate the location 
of buried manholes, one group to unbury them, and another group to 
move equipment or materials covering other manholes. The tasks 
often took as many as six months to complete causing more delays in 
the program. Other manholes were located under or within plant 
buildings which seldom occurs in cities. The industrial complexes 
generally contained a greater percentage of inaccessible manholes 
than did cities. 
Before entering any manhole, the air is tested for the 
presence of combustible gases or an oxygen defficiency. At ORNL, 
every manhole that was to be entered required an additional check 
for radiation by plant personnel. This check slowed down produc-
tion and sometimes caused more delays. 
The approach to several of the SSES tasks had to be altered 
for the industrial studies. Mini-system flow monitoring for infil-
tration could not be accomplished at the plants due to the large 
volume of process water and the lack of water usage records for 
each of the buildings. Infiltration flow monitoring is much easier 
to conduct accurately in cities because mini-system flows are 
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generally lower and a minimum night wastewater flow is usually 
known so that infiltration rates can be determined. 
The flows measured during flow isolation had to be care-
fully analyzed to distinguish the infiltration contribution from 
industrial buildings. Cooperation with the shift superintendents 
was required to limit the discharges from each building as the 
crews flow isolated around them. Even in the sewer adjacent to the 
administrative buildings caution had to be exercised as cleaning 
crews worked late at night and dumped cleaning water into the 
sewers. In other 
required a constant 
buildings, continuously running experiments 
supply of water which ultimately reached the 
sewer system. It was often difficult to know what was infiltration 
and what was not. In cities, infiltrating water is generally clear 
and cold; and, an occasional domestic discharge is easily identi-
fied. 
Notification of smoke testing must be handled carefully in 
all studies. The public must be made fully aware of what will 
occur and when so that panic can be avoided. In residential neigh-
borhoods, few people can be expected to be at home during the 
actual testing and questions can easily be answered by the crews. 
For people working in a concentrated area within a building, noti-
fication must be more carefully handled. Coordination between the 
smoke testing crew and the building staff must be maintained so 
that, if smoke does enter a building, hopefully the employees will 
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be aware of what is happening. It is always helpful to have a mem-
ber of the fire department available during smoke testing to 
attempt to avoid any problems. 
Some interesting points can be made about the comparison of 
the results of the industrial studies with the results of municipal 
studies. The results of each industrial study may differ when com-
pared but the industrial findings, on a whole, also differ from the 
average results of the twenty municipal studies. 
The average length of the sewer system 
analyzed was 51,000 linear feet. The ORGDP sewer 
linear feet) nearly equals that length but the 
approximately half the average size. 
of the cities 
system (54,600 
ORNL system is 
As a rule, approximately one half of the manholes in areas 
suspected of having infiltration/inflow problems are investigated 
during municipal studies. The percentage of manholes investigated 
at the Oak Ridge facilities was substantially less than the 
average: 32 percent at ORGDP and 15 percent at ORNL. One reason 
may be the more difficult and restricted access to a greater number 
of potentially defective manholes at industrial sites. The scope 
of work for investigating manholes should be decreased for indus-
trial studies for that reason. 
The number of infiltrating manholes of those investigated 
was lower for the industrial sites than the city average of 31 per-
cent. The lower percentages, 21 percent for ORGDP and 13 percent 
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for ORNL, are in part due to the investigation of fewer manholes 
the possibility of . identifying infiltration thus decreasing 
defects. The variations in groundwater levels throughout the 
plants or the presence of isolated high groundwater areas may also 
be responsible for the lower percentage of infiltrating manholes. 
The high groundwater conditions in cities generally range 
over wide areas of the sewer system. The sewer systems are 
generally spread out over a large area and provide relief for 
groundwater infiltration through defects in pipes and manholes. 
Throughout the municipal systems there are few alternate sumps such 
as rivers, streams, or drainage channels to attract the ground-
water; and, the sewer system trenches provide good drainage 
channels. Conversely, many industrial plants are located along 
rivers or have streams and open drainage channels which usually 
contain water most of the year. These receiving waters may tend to 
draw groundwater away from sewer pipes and manholes thus decreasing 
the quantity of infiltration into the sewer system. 
The results of the infiltration study manhole investigation 
programs conducted in city environments show that an average of 
13 percent of the infiltrations enters the sewer systems through 
manholes. At ORNL, the absence of sustained high groundwater 
throughout the plant was evident in the less than one percent in-
filtration contribution by manholes. Deeper manholes and more 
widespread high groundwater at ORGDP contributed to twice as much 
manhole infiltration than the municipal average. 
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In most small sewer systems, it is common practice to flow 
isolate the entire system because the cost to benefit ratio is 
relatively low. Unless specific areas are known not to contain 
possibly excessive infiltration, the entire systems are investi-
gated. Reasons for not flow isolating the entire sewer systems 
generally stem from the inaccessibility of manholes. 
In municipal studies, it has been found that approximately 
72 percent of the infiltration exists in one quarter of the sewer 
lines. These lines are the sources of excessive infiltration and 
are scheduled for internal television inspection. In both indus-
trial studies, the excessively infiltrating lines comprised a much 
smaller portion of the sewer system (4 percent at ORGDP and 13 per-
cent at ORNL). At ORGDP, only 32 percent of the infiltration was 
attributed to the lines justified for inspection indicating that 
the infiltration problems were widespread but not as intense as 
those expected for municipalities. The infiltration present in t he 
ORNL system (80 percent) was concentrated in a very few line sec-
tions. The results of flow isolation are generally not predictable 
because mini-system flow measurements are not possible. Therefore, 
no conclusion can be reached as to the percentage of excessive in-
filtration that can be expected at an industrial plant. 
Smoke testing is sometimes based on the results of the flow 
metering which may eliminate certain mini-systems from an inflow 
study . Although many small sewer systems warrant smoke testing of 
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the entire system, the average portion of the system tested 1s 
67 percent. 
trial plants 
The flow metering studies conducted at the two indus-
indicated that all mini-systems had a potential for 
inflow and the entire systems were scheduled for smoke testing. 
Surcharged lines and inaccessible line sections prevented the com-
pletion of the task at ORGDP. 
The number of defects located during rainfall simulation is 
higher for industrial sites than for cities. A higher frequency of 
defects than the city average of one per 1, 400 linear feet was 
encountered at both sites. For every 800 linear feet of sewer 
smoke tested at ORGDP, a defect was located. The ratio was some-
what less at ORNL where one defect was located for every 1,100 
linear feet of sewer tested. Of course there were several test 
sections in which no defects were found. The defects located at 
the industrial plants were more concentrated into smaller areas of 
the sewer system because the sources of inflow were grouped closely 
together. The configuration of the sewer systems and the arrange-
ment of buildings around the system created the defect concentra-
tion. 
In both types of studies, manholes were found to contribute 
a large portion of the inflow. Of the manholes investigated in 
cities, 31 percent contributed approximately 43 percent of the 
inflow . At ORGDP, that same percentage of manholes contributed 
approximately 46 percent of the inflow. At ORNL) both the percen-
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tage of manholes and the amount of inflow were higher: 43 percent 
and 69 percent respectively. The contribution of inflow by man-
holes at ORNL is probably more alligned with the average than 
indicated because some inflow sources had unquantifiable amounts of 
inflow. 
Some general statements can be made in comparing industrial 
sewer studies to their municipal counter parts. 
0 
0 
0 
0 
0 
0 
Many of the same techniques are used to identify 
infiltration and inflow. 
Modifications of some tasks may be necessary to 
suit the unique environment presented by indus-
tries. 
Production rates for task completions 
generally lower for industrial studies. 
are 
Special attention must be paid 
conditions within industrial 
to the harsher 
sewer systems. 
Fewer manholes may be accessible around indus-
trial buildings. 
Infiltration is generally not as severe a problem 
for industrial plants as examined in this report. 
° Fewer line sections contain excessive infiltra-
tion. 
0 
0 
Inflow defects will generally be concentrated in 
a small area. 
Inflow tends to be the major type of extraneous 
flow. 
0 Manholes contribute a major portion of the 
inflow. 
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These general observations are based on the two industrial 
studies and on twenty municipal studies. Use of the results or 
conclusions to provide a scope of work for other industrial plants 
should be carefully considered. A site inspection of the subject 
industrial plant should be made to determine more accurate details 
of the proposed sewer study. However, the results of the Oak Ridge 
studies may be used as a guide for conducting other industrial 
Sewer System Evaluation Surveys. 
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